Central poststroke pain (CPSP) is one of the neuropathic pain syndromes that can occur following stroke involving the somatosensory system. However, the underlying mechanism of CPSP remains largely unknown. Here, we established a CPSP mouse model by inducing a focal hemorrhage in the thalamic ventrobasal complex and confirmed the development of mechanical allodynia. In this model, microglial activation was observed in the somatosensory cortex, as well as in the injured thalamus. By using a CSF1 receptor inhibitor, we showed that microglial depletion effectively prevented allodynia development in our CPSP model. In the critical phase of allodynia development, c-fos-positive neurons increased in the somatosensory cortex, accompanied by ectopic axonal sprouting of the thalamocortical projection. Furthermore, microglial ablation attenuated both neuronal hyperactivity in the somatosensory cortex and circuit reorganization. These findings suggest that microglia play a crucial role in the development of CPSP pathophysiology by promoting sensory circuit reorganization.
Introduction
Central poststroke pain (CPSP), occurring following ischemic and hemorrhagic stroke, is categorized as a neuropathic pain syndrome. CPSP occurs after lesions at any level of the sensory pathway in the CNS, including the thalamus, cortex, and medulla, and the prevalence of CPSP in stroke patients is 1%-12% (1) . In particular, patients who suffer a hemorrhagic injury encompassing the ventroposterior part of the thalamus have a higher chance of developing CPSP (1, 2) . CPSP is characterized by allodynia, hyperalgesia, and spontaneous dysesthesia. In many cases, these symptoms persist for years and are extremely difficult to treat (1, 3) .
Although the underlying mechanism of CPSP remains largely unknown, maladaptive network reorganization is considered a key feature (4, 5) . Based on clinical and experimental observations, various abnormal network models have been proposed to explain the development of CPSP, and many of them emphasize the importance of hyperactivity of the thalamocortical circuit (1, 5) . However, neuroanatomical evidence of neural circuit reorganization is lacking.
In the last decade, microglia have emerged as central players in the development of neuropathic pain (6) . Microglia are macrophage-like cells in the CNS and are primarily responsible for the inflammatory response (7) . However, recent evidence indicates that microglia have a variety of physiological, noninflammatory functions that are crucial for brain development, CNS maintenance, and neuroplasticity (8) (9) (10) (11) (12) (13) (14) . Moreover, microglia have been implicated as contributors to the disease process in many CNS disorders, such as neurodegenerative disease, psychiatric disorder, and neuropathic pain (11, 15, 16) . In the diseased state, microglia have complex roles in disease pathogenesis, including the inflammatory response, debris clearance, synaptic pruning, and neuronal excitation (11, (16) (17) (18) . Importantly, minocycline, one of the modulators of microglial reactivity, has been shown to ameliorate CPSP symptoms transiently (19) . However, microglial involvement in the pathophysiology of CPSP remains largely unknown.
Central poststroke pain (CPSP) is one of the neuropathic pain syndromes that can occur following stroke involving the somatosensory system. However, the underlying mechanism of CPSP remains largely unknown. Here, we established a CPSP mouse model by inducing a focal hemorrhage in the thalamic ventrobasal complex and confirmed the development of mechanical allodynia. In this model, microglial activation was observed in the somatosensory cortex, as well as in the injured thalamus. By using a CSF1 receptor inhibitor, we showed that microglial depletion effectively prevented allodynia development in our CPSP model. In the critical phase of allodynia development, c-fos-positive neurons increased in the somatosensory cortex, accompanied by ectopic axonal sprouting of the thalamocortical projection. Furthermore, microglial ablation attenuated both neuronal hyperactivity in the somatosensory cortex and circuit reorganization. These findings suggest that microglia play a crucial role in the development of CPSP pathophysiology by promoting sensory circuit reorganization.
In the present study, we examined the possible involvement of microglia in the development of CPSP. By employing a focal thalamic hemorrhage (TH) model in mice, we identified local microglial activation within the sensorimotor cortex, as well as in the injured thalamus. Then, we assessed the effect of pharmacological ablation of microglia on TH and found that the treatment completely prevented the development of TH-induced allodynia. Moreover, to elucidate the mechanism of allodynia development, we examined the thalamocortical projection in our TH model and revealed the occurrence of aberrant axonal rewiring in the somatosensory cortex. In addition, we demonstrated that anatomical reorganization was attenuated by microglial depletion.
Results
Establishment of the CPSP mouse model. To elucidate the mechanism of CPSP, we developed a focal TH model in mice by injecting collagenase into the ventral posterolateral nucleus (VPL) of the thalamus, the relay nucleus of the somatosensory pathway ( Figure 1A ). We carefully tested the injection volume, speed, and coordinates and established a highly reproducible injection method to confine the lesion area to the ventrobasal complex (VB), which is composed of the VPL and ventral posteromedial nucleus (VPM) (see Methods and Figure 1 , A-C).
Next, to examined whether our TH model developed pain-like behavior, we tested mechanical allodynia by measuring the hind paw withdrawal response to von Frey filament stimulation ( Figure 1D ). To evaluate aversive behaviors, a response is considered positive when the mouse shows nocifensive behaviors, including licking or flicking of the paw (20) . As expected, the withdrawal threshold of the contralesional hind paw was significantly decreased 5 days after TH induction and persisted throughout the testing period ( Figure 1E ) compared with the ipsilesional paw (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.131801DS1). We also checked the motor performance of TH mice by the 4-point-scale neurological scoring method, ladder walk test, and rotarod test (Figure 1 , F-H); no apparent motor deficit was observed. On neurological scoring, the neurological grade was not different between groups ( Figure 1F ). On the ladder walk test, the number of slips of contralesional paws ( Figure 1G ) or ipsilesional paws (Supplemental Figure 1B) showed no significant increase. Additionally, on the rotarod test, there was no difference in the time to fall from the rotating rod ( Figure 1H ).
To assess whether the development of mechanical allodynia was accompanied by the exacerbation of injury, we quantified the lesion volume in Nissl-stained serial sections on days 4, 7, and 21 after TH ( Figure  1 , I and J). No enlargement of injury was observed over time, suggesting that allodynia development was not related to the expansion of the damaged area.
TH mice exhibit microglial activation in the ipsilesional primary somatosensory cortex, as well as in the injured thalamus. Microglia are reportedly involved in the development of neuropathic pain in several rodent models (21) (22) (23) (24) . Thus, we examined whether microglial cells were activated in our TH model along the sensory pathway (thalamus, spinal cord, and primary somatosensory cortex [S1]). Consistent with previous reports (19, 24) , microglial accumulation was observed in the lesioned thalamus on posthemorrhage days 1, 4, and 7. Morphologically, these microglia showed hypertrophy of the cell body and shortening of the protrusion, which are typical morphological features of activated microglia ( Figure  2A ). Interestingly, activated microglia were also observed in the ipsilesional S1 on posthemorrhage days 1 and 4 ( Figure 2B ); thereafter, at day 7, very few microglia were activated. The contralesional S1 showed no signs of microglial activation throughout the observation period ( Figure 2B ), and in the spinal cord, ionized calcium binding adaptor molecule 1 (Iba-1) reactivity remained unchanged on both sides ( Figure 2C ). Moreover, mRNA quantification of microglia-related genes also suggests microglial activation in the affected thalamus and S1 (Supplemental Figure 2 , A and B) but not in the spinal cord (Supplemental Figure 2C ). These findings motivated us to focus on the role of limited time activation of microglia in the ipsilesional S1.
Microglial depletion attenuates the development of mechanical allodynia induced by TH. To investigate the role of microglia in the development of pain-like behavior, we depleted microglia in TH mice by orally administrating PLX3397, a selective CSF1 receptor (CSF1R) inhibitor (25) . Mice were treated with chow containing PLX3397 in the following time periods to elucidate the crucial period of microglial involvement in the development of TH-induced pain: (a) starting at 21 days before TH induction until 21 days after TH (Group 1, n = 5), (b) from 7 days to 21 days after TH (Group 2, n = 4), (c) from day 0 to 21 days after TH (Group 3, n = 4), and (d) from 21 days before to 7 days after TH (Group 4, n = 3).
First, we confirmed the efficiency of microglial depletion by IHC and flow cytometry ( Figure 3A ). As expected, PLX3397 treatment resulted in a drastic decrease in Iba-1 reactivity ( Figure 3B ). Flow cytometry experiments also showed a significant reduction in the number of (CX3CR1 hi ) microglia on postlesion days 7 and 21 in the 4 PLX-treated groups (Figure 3 , C and D) compared with that in the no-PLX treatment TH groups. Based on the previous reports, the effects of PLX treatment on peripheral circulating CSF1Rpositive myeloid cells are known to be limited (25) (26) (27) (28) . We also confirmed the number of infiltrating macrophages and neutrophils after PLX treatment (Supplemental Figure 4 , A and B). Consistent with previous reports, although over 99.5% of microglia were eliminated, PLX treatment had only minor effects on the number of infiltrating macrophages and neutrophils.
Next, we examined the effect of microglial depletion on allodynia development by the von Frey filament test ( Figure 3E ). The withdrawal threshold in PLX-treated Group 1 returned to that observed in the no-hemorrhage Control group, suggesting the resolution of hyperalgesia by PLX treatment. Alternatively, PLX treatment from day 7 posthemorrhage (Group 2) was unable to reverse the withdrawal threshold decrease. Similarly, starting PLX administration just after TH induction (Group 3) was insufficient to attenuate the development of allodynia. In contrast, when PLX was applied starting at 21 days before TH induction, mechanical allodynia following TH was completely abolished, and the effect lasted for at least 2 weeks after we stopped PLX administration (Group 4). Considering the possibility that sex difference may affect the behavioral outcome, we tested the effect of TH with and without PLX treatment on female mice (Supplemental Figure  3A) . In our CPSP model, we found no evidence of sex differences; TH-induced female mice also developed allodynia, and PLX treatment effectively attenuated this (Supplemental Figure 3B ). These results suggest that microglial cells are critically involved in allodynia development, especially in the acute phase after hemorrhage.
Microglial depletion does not affect the lesion volume. To examine the possibility that the PLX3397 treatment reduced the hemorrhage lesion to ameliorate the neurological symptoms, we measured the lesion volume at several time points (Supplemental Figure 5 ). However, the lesion volume was not significantly different among any of the groups (Supplemental Figure 5 , A-C). Therefore, PLX3397 did not affect the lesion volume in our experimental paradigm.
Branch formation from thalamocortical neurons into layer 4 of the S1 after TH. In a recent study, genetic ablation of the VB in the developmental stage resulted in anatomical and functional rewiring of the afferent projection from the posterior nucleus (Po), which conveys tactile information to layers 1 and 5a (L1 and L5a) neurons of the S1, onto L4 neurons in the S1 (29) . However, the possible role of such axonal rewiring in the CPSP has not been studied thus far. To address this issue, we directly visualized Po axons in Control mice and TH mice by injecting biotinylated dextran amines (BDA) into the Po (Figure 4 , A-C). As shown in Figure 4D , Control Po axons were mainly distributed in L5a and rarely observed in L4 in the S1. However, in TH mice, Po axons branched into L4, suggesting the occurrence of aberrant axonal sprouting induced by TH ( Figure 4D , middle panel). Based on the observation that microglia were activated in the ipsilesional S1 ( Figure 2B ), we next examined whether PLX treatment could suppress the formation of aberrant rewiring. As expected, this ectopic projection was no longer observed in PLX-treated mice ( Figure 4D , lower panel). To confirm this result, we quantified the BDA-labeled axon terminal by its florescent intensity (pixel per mm 2 ) in each layer (L1-L6) of the S1 ( Figure 4E ). Axon density in L4 was significantly increased by TH induction, whereas the increase was completely abolished in the PLX-treated group. These results indicate that TH triggers the occurrence of an unusual axonal projection from Po to L4 of the S1 and that this aberrant projection is reversed by microglial depletion.
Microglial depletion prevents ectopic neuronal activity in the S1 after TH. After demonstrating that microglial depletion abolishes the aberrant rewiring in the S1, we next examined whether this anatomical alteration is paralleled by neuronal activity. For this purpose, we analyzed c-fos expression in the S1 by IHC on day 7 after hemorrhage ( Figure 5A ). TH increased the number of c-fos immunoreactive neurons in L4. In contrast, in the PLX-treated group, c-fos immunoreactivity remained at the Control level. We counted the number of c-fos-positive neurons in each group ( Figure 5B ; Control group, n = 4; TH group, n = 4; TH + PLX group, n = 4) and confirmed that the number of c-fos-positive neurons in L4 was significantly higher in the TH group than in the Control and TH + PLX groups. We further analyzed the proportion of c-fos-positive cells in L4 to those in L4 and L5a ( Figure 5C ). Again, the number of c-fos-positive cells was significantly higher in the TH group than in the TH + PLX and Control groups. These results indicate that neuronal activity in the S1 was altered by TH and that microglial depletion can prevent the generation of ectopic neuronal hyperactivity.
Discussion
In the present study, by using a mouse model of CPSP induced by a focal TH, we showed that microglial depletion by PLX3397 effectively prevents allodynia development. Moreover, we discovered a critical time window of microglial involvement in the development of TH-induced allodynia. For effective attenuation of allodynia, microglia should be ablated in the initial phase after hemorrhage.
Despite increasing evidence indicating that microglia are key regulators of neuropathic pain induced by peripheral nerve injury (PNI), few studies have focused on microglial involvement in the pathophysiology of CPSP. In one study using a TH mouse model, minocycline treatment has been shown to ameliorate existing mechanical allodynia (19) , suggesting microglial involvement in the maintenance of TH-induced allodynia, although the effect was only temporal (~4 hours) (19) . In contrast, our study revealed that the antiallodynic effect of PLX treatment in the initiation phase lasted for at least 2 weeks after stopping PLX administration. On the other hand, delayed PLX treatment had no effect on the existing allodynia. These results might be explained by the notion that microglial depletion in the initiation phase of allodynia has a potential disease-modifying effect. This assumption is supported by the observation that TH-induced ectopic anatomical modification is suppressed by the PLX treatment (as discussed below). Considering the antiallodynic effect in the maintenance phase, the discrepancy between Hanada's study (19) and our study might come from the broad effect of minocycline. Control group mice received PBS injection into the ventral posterolateral nucleus (VPL) (n = 4). Thalamic hemorrhage (TH) group mice received collagenase injection and were fed control chow. TH + PLX group 1 mice were treated with PLX3397 from 21 days before hemorrhage until 21 days after hemorrhage (n = 4). TH + PLX group 2: from days 7-21 (n = 4). TH + PLX group 3: from days 0-21 (n = 4). TH + PLX group 4: from 21 days before to 7 days after TH (n = 5). (B) Iba-1 immunostaining of the S1 showed a robust decrease in microglial cells by PLX treatment. Scale bar: 100 μm. (C) Dot plots show the gating of CX3CR1 in each group. The plots were used to quantify the amount of microglia after TH. CX3CR1 +/EGFP mice were used in the flow cytometry experiment. (D) Flow cytometry quantification showed that the number of microglia in the group treated with PLX3397 was significantly reduced compared with that in the TH group on day 7 (**P < 0.01, unpaired t test) and on day 21 (**P < 0.01, 1-way ANOVA followed by Dunnett's multiple comparisons test) after hemorrhage. (E) The 50% withdrawal threshold in the TH group was significantly reduced after hemorrhage compared with the Control group (**P < 0.01, *P < 0.05, 2-way repeated measures ANOVA followed by Tukey's multiple comparisons test). TH + PLX groups 1 and 4, which started PLX treatment before lesion induction, exhibited a higher withdrawal threshold than the TH group did ( ## P < 0.01, # P < 0.05, 2-way repeated-measures ANOVA followed by Tukey's multiple comparisons test); however, TH + PLX group 2 and 3, which started PLX treatment after lesion induction, exhibited a lower withdrawal threshold, similar to the level exhibited by the TH group.
Although minocycline is commonly used to halt microglial activity, it has a nonspecific effect on macrophages, T cells, neuronal cells (30) (31) (32) (33) , and even on astrocytes (34) ; all of them are suggested to be involved in the pathogenesis of neuropathic pain (22, (35) (36) (37) (38) (39) (40) (41) . In contrast, treatment with a CSF1R inhibitor results in effective ablation of microglia with minor effect on other cells (25) (26) (27) (28) , which is also supported by our flow cytometry data, although we cannot fully exclude the possible influence of PLX3397 treatment on peripheral CSF1R-positive circulating myeloid cells. To elucidate the precise mechanism of microglial involvement in the development and maintenance of CPSP, future studies using more specific genetic tools will be needed (22, (42) (43) (44) . Recently, sex dimorphism has been implicated in rodent models of neuropathic pain after PNI (45-47), and the difference is thought to be derived from variations in the immune response between males and females. In particular, although microglia play dominant roles in the development of allodynia after PNI in male mice, this is not the case in female mice; microglia inhibition by several glial inhibitors lead to the reversal of allodynia in male mice but not in female mice (45) . On the other hand, in our CPSP model, we did not find any sex differences in the development of allodynia and in the effect of pharmacological depletion of microglia. Thus, we speculate that the pathophysiology of TH-induced allodynia may greatly differ from that of PNI-induced allodynia. Future studies will be needed to uncover the differences in the underlying mechanism of pain development among various conditions.By histological analysis, we observed microglial activation not only around the damaged VPL, but also in the ipsilesional S1, with little or no change in the contralesional cortex. This morphological change was observed coinciding with the onset of pain development. Furthermore, little or no change was observed in the microglia morphology and the regulation of microglia-related genes in the spinal cord, where the critical involvement of microglia in the pathogenesis of pain development is implicated after PNI (48) . In this regard, Gritsch et al. showed that the spinal and peripheral components of the pain system do not contribute to the induction or maintenance of CPSP (49) . Thus, we hypothesized that microglial activation in the S1 might have an undetermined role in the development of thalamic pain.
The somatosensory cortex may be involved in the pathophysiology of neuropathic pain (1, 5, 50, 51) . However, the exact role of the S1 in pain development remains poorly understood. Moreover, at present, there is little evidence for the association of the S1 and CPSP development. In the present study, TH caused a marked increase in neuronal activity in the S1 as demonstrated by c-fos expression, suggesting that this structure is also involved in CPSP pathophysiology. Recent research has shown persistent hyperactivity of the S1 after PNI and its relevance to mechanical allodynia (52) . Thus, different neuropathic pain conditions could share similar physiological mechanisms.
The noteworthy findings of our study are that the increased activity in the S1 is accompanied by the structural reorganization of the thalamocortical projection. In normal conditions, the S1 receives a dense axonal projection from the thalamic nucleus, including the VB and Po (29, 53) . The VB receives inputs from the spinothalamic tract and mainly conveys tactile input (29, 54, 55) , while the Po mainly conveys nociceptive input (29, 54, 56) . We visualized the axonal projection from the Po to the S1 cortex in no-hemorrhage mice and confirmed that Po axons project to L1 and L5a, as previously reported (29, 57) . Then, we tested the hemorrhagic animals; surprisingly, Po neurons changed their projection pattern. Po axons mainly branched within L4 in the S1, which normally receives inputs from the VB. This phenomenon might be explained as lesion-induced neural network reorganization to compensate for the destroyed thalamic projection. Regarding the developmental stage, genetic destruction of the VB at birth results in anatomical rewiring of Po projections onto the L4 neurons in the S1 to compensate for the lost function of the VB (29) . Thus, the mechanism of compensatory axonal sprouting could be similar between the developmental stage and the repair phase after brain injury in adults.
We demonstrated that mechanical allodynia after TH is attenuated by microglial depletion; the development of allodynia is accompanied by neural hyperactivity in the S1 and the occurrence of ectopic axonal projection from the thalamus to the S1. Thus, we sought to determine whether microglial depletion can also reverse these functional and anatomical changes. Interestingly, enhanced neuronal activity in the S1 was completely abolished by PLX treatment. Moreover, ectopic Po projection to the L4 of S1 was attenuated by PLX treatment. These findings indicate that microglia promote the neural circuitry reorganization of the thalamocortical pathway that may contribute to CPSP development after hemorrhage in the thalamic nucleus. As discussed above, maladaptive plastic changes in the S1 may be important in the pathophysiology of neuropathic pain following PNI (52, 58) . In particular, after PNI, structural and functional synaptic remodeling has been observed, and this plasticity may be involved in the development and maintenance of pain symptoms (59, 60) . In addition, a cumulative body of evidence suggests that microglia are crucial regulators of neuronal/synaptic plasticity in health and disease (18, 61, 62) . Moreover, activated microglia in the spinal dorsal horn reportedly mediate aberrant excitability of neurons through a variety of plastic modifications of neuronal connections (21, 63) . Thus, microglia may be likely to trigger maladaptive plasticity in the injured brain.
In the present study, we demonstrated that TH-induced allodynia was accompanied by the large-scale reorganization of the thalamocortical circuit and provided evidence that microglial ablation attenuates both the development of allodynia and circuit reorganization ( Figure 6 ). Nevertheless, further studies are needed to prove the causal relationship between anatomical plasticity and behavioral symptoms (allodynia) and to reveal the underlying molecular and cellular mechanisms of microglial involvement in alterations in neuronal connectivity. We believe that our findings provide a framework for future research aimed at establishing a disease-modifying therapy for CPSP. 
Methods

Subjects and group assignment
A total of 142 male and 24 female C57BL/6J mice (aged 8-11 weeks, Japan SLC Inc.) and a total of 70 adult male CX3CR1 +/EGFP mice (aged 8-11 weeks from the Jackson Laboratory) were used in this study. The groups were as follows: (a) Control group (mice that received PBS as a sham operation), (b) TH group (mice that received collagenase injection), and (c) TH + PLX group (mice that received PLX3397 [Selleck Chemicals] treatment before or after TH). The timeline of PLX3397 administration in the TH + PLX groups is indicated in Figure 3A .
No homozygous mice were used. Two to 3 mice were housed in standard cages with access to chow and water ad libitum under a 12-hour light-dark cycle with ambient temperature maintained at 24°C.
CPSP model
Mice in the TH, PBS, and TH + PLX groups were anesthetized with a mixture of medetomidine hydrochloride (0.3 mg/kg; Domitor, Orion Pharma), midazolam (4 mg/kg; Dormicum, Astellas), and butorphanol (5 mg/kg; Vetorphale, Meiji Seika Pharma) and placed on a panel heater in a stereotaxic frame during surgery. We employed an intracerebral collagenase injection model. Collagenase enzymatically lyses the extracellular matrix, causing disruption of brain capillaries and consequent active bleeding (64) (65) (66) . Of note, matrix metallopeptidase (MMP) can directly cause microglial activation and is involved in the pathogenesis of neuropathic pain after PNI (41) . TH was induced by injecting 0.025 U collagenase type IV (MilliporeSigma, C5138) dissolved in PBS at the stereotaxic coordinate of the VPL in the TH and TH + PLX groups. Based on a previous study (19) , a custom-ordered cannula was inserted at slightly modified coordinates as follows: posterior 1.1 mm to bregma, lateral to the midline from 1.5 mm, and ventral to the surface of the cortex from 3.5 mm. A total of 25 nL of collagenase was released into the thalamic VB through a tube, and the cannula was connected to 25 μL gastight syringes (Hamilton, 80200) at a constant rate of 5 nL/minute using an infusion pump (Eicom, ESP-32). An equivalent volume of PBS was injected into the right VB for the Control group.
Behavioral tests
von Frey test. All mice were habituated to a plastic box with a perforated metal floor for 15-30 minutes before the assessments. Data were quantified from 6 male mice from the TH and Control groups to assess the hemorrhage effect, and another group of male mice (n = 4-5) from the TH, Control, and 4 TH + PLX groups was used to assess the effect of PLX treatment. A range force of mechanical stimulation using 0.02-2 g monofilaments (Semmes-Weinstein von Frey Anesthesiometer; Muromachi Kikai) was applied to the bilateral hind paws of each mouse, and a 50% withdrawal threshold was determined by the up-down method (67) . The von Frey test was conducted daily from the time of hemorrhage induction for 7 consecutive days; thereafter, it was measured once a week until 140 days after injection. The von Frey test was also performed in female mice to test whether there was a sex difference (Control group = 6, TH group = 8, TH + PLX group = 10).
Neurological examination. Neurological deficits after hemorrhage were assessed according to a 4-point-scale method (68) . Scores were obtained from 6 TH mice and 5 Control mice. Specifically, grade 0 was assigned when there were no observable deficits; grade 1 was assigned for forelimb flexion; grade 2 was assigned when a decreased resistance to lateral push without circling was detected; and grade 3 was noted when a mouse exhibited behavior very similar to that for grade 2 but showed no circling. Grade 0 was normal, grade 1 was moderate, and grades 2 and 3 were considered severe neurological deficits induced by the lesion.
Ladder walk test. Motor function was assessed by the ladder walk test (69) . The number of slips was counted on a ladder walk (1 m in length) in which the step bars randomly changed in each trial (70) . The number of slips was divided by the total number of steps. Each mouse was given 3 trials on each assessment day, and results were quantified from 5-6 mice in the TH and Control groups.
Rotarod test. Motor coordination in mice was assessed by the rotarod test. Five to 6 mice in both the TH and Control groups were acclimated to a rotating rod (a diameter of 30 mm) for at least 10-20 minutes before data acquisition. The rod was set to accelerate from 4-40 rpm. The duration was recorded until a mouse fell from the rod or until a mouse rotated with the rod without directional running on the rotating rod. The test was repeated 3 times a day.
Anterograde labeling with BDA
To label thalamocortical axons from the Po, we injected anterograde tracer BDA into the thalamus in 3 mice in the TH, Control, and TH + PLX groups. C57BL/6 mice were anesthetized with a mixture of medetomidine (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg) and placed in a stereotaxic frame. A custom-ordered cannula attached to gastight syringes (Hamilton, 80200) containing 10% BDA (Invitrogen, D1820) was connected to the infusion pump. The cannula was slowly inserted into the Po of the thalamus (at the coordinates of anteriorposterior to bregma -2.0 mm, lateral to the midline from 1.25 mm, ventral to the surface of the cortex 3.0 mm; Figure 4B ), and the BDA was delivered over 4 minutes at a flow rate of 50 μL/minute. The TH, TH + PLX, and PBS groups received either collagenase or PBS in the thalamus 3 days after the BDA injection. The TH + PLX group started to receive PLX3397 for 21 days before the collagenase injection ( Figure 4A ). Animals were sacrificed 7 days after collagenase/PBS injection and 10 days after BDA injection.
Microglial ablation with oral administration of CSF1R inhibitor
Microglia in the CNS were eliminated with oral administration of selective CSF1R inhibitor PLX3397 (25) . A total of 67 mice received free access to PLX3397 chow as the sole food source in the home cage. The administration period for PLX3397 is indicated in Figure 3A . PLX3397 was purchased from Selleck Chemicals, and it was formulated with Research Diets into AIN-76A chow at 0.029%. Mice treated with PLX3397 were also housed in standard cages with free access to PLX-containing chow only and water.
Flow cytometry
The number of microglia in the brain after hemorrhage was analyzed using flow cytometry. A total of 3-5 mice in the TH, PBS, and the 4 TH + PLX groups were perfused with cold PBS. The timeline of the 4 groups that underwent PLX treatment is shown in Figure 3A . The right hemisphere was then digested with 0.1% collagenase D (Roche, 11088866001) containing 2.5 mM calcium chloride at 37°C for 30 minutes. The cell suspension was passed through a 70-μm cell strainer and was isolated by centrifugation at 780 g for 30 minutes with 30% and 70% Percoll (GE Healthcare, 17-0891-01). The cells isolated from the interfaces of 30%/70% Percoll gradients were stained with a fluorescently conjugated antibody (BioLegend; PE-CD11b, 301306; Pacific Blue-CD45, 103126; APC-Ly6C, 128016; Brilliant Violet-Ly6G, 127639) for 30 minutes at 4°C in a light-shielded state. The cells were gated according to size and granularity based on forward scatter and side scatter properties using FACS Aria II (BD Biosciences). The GFP-positive cells quantified for the CX3CR1 +/EGFP mice using FACS Diva Software.
Histological analysis
A total of 84 mice were euthanized by overdose with a mixture of medetomidine hydrochloride (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg) and were perfused with PBS and 4% paraformaldehyde (Nacalai Tesque, 02890-45). After perfusion, the brain and spinal cord were removed separately and further fixed with 4% paraformaldehyde for 2 hours at 4°C. Next, the brain and spinal cord were transferred to 15% sucrose/PBS for 2 hours, subsequently transfered to 30% sucrose/PBS, stored overnight at 4°C, and sectioned at 50-μm and 30-μm thickness, respectively, on a cryostat. For IHC, a series of brain sections (coronal, from 0.62 mm anterior to 2.54 mm posterior relative to bregma) were permeabilized in PBS containing 0.3% Triton X-100 and then blocked with 3% normal goat serum and 1% BSA for 1 hour at room temperature. The sections were incubated with anti-Iba-1 (1/1000, Wako, 019-19741), anti-c-fos (1/1000, MilliporeSigma, ABE457), and anti-Ctip2 (1/500, Abcam, ab18456). Similarly, a series of spinal cord sections from lumbar cord L4-L6 were stained with anti-Iba-1. After 3 washes with PBS, the sections were incubated with DAPI and each secondary antibody (1/500, Invitrogen, goat anti-rabbit, A11008 and A11011; goat anti-rat, A21247) in PBS for 90 minutes at room temperature. For visualizing the BDA-labeled thalamus axon, the sections were incubated with Alexa Fluor 568 streptavidin (1/400, Invitrogen, S11226) in PBS for 90 minutes. The sections were washed 3 times with PBS and mounted on slides. Images were taken with a confocal microscope (Olympus, FV1200). To analyze the lesion volume after collagenase injection, we stained all sections with Cresyl violet and collected images of the sections. The lesion volumes of the thalamus and BDA-labeled thalamic axons were quantified using ImageJ (NIH), and c-fos expression in each layer of the S1 was analyzed by Adobe Photoshop CC 2017.
Quantitative PCR
Total RNA was isolated from bilateral S1, thalamus, and lumbar cord (L4-L6) tissue of TH group and from right S1, right thalamus, and left lumbar cord (L4-L6) tissue of Control group, with TRIzol reagent (Invitrogen) and RNeasy mini kit (QIAGEN) on day 4 after PBS or collagenase injection into the thalamus (n = 3-5). cDNA was synthesized from 15 μg of total RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). To detect amplification in the Quant Studio 7 Flex Real-Time PCR system (Applied Biosystems), real-time PCR was performed using Fast SYBR Green Mater Mix (Applied Biosystems) at 95°C for 20 seconds, followed by 40 cycles of 95°C for 3 seconds and 60°C for 30 seconds. The gene expression levels were normalized by the geometric mean of Gapdh and Rps18 expression levels after being calculated by the relative standard curve method. The average value of the Control group was set as 1. The primer pair used were Gapdh, 5′ -TGTGTCCGTCGTGGATCTGA -3′ and 5′ -TTGCTGTTGAAGTCGCAGGAG -3′; Rps18, 5′ -CATGCAGAACCCACGACAGTA -3′ and 5′ -CCTCACGCAGCTTGTTGTCTA -3′; Tnfα, 5′ -CTGTAGCCCACGTCGTAGC -3′ and 5′ -TTGAGATCCATGCCGTTG -3′; Il-1β, 5′ -CGCAGCAGCA-CATCAACAAG -3′ and 5′ -GTGCTCATGTCCTCATCCTG -3′; Il-6, 5′ -CTGCAAGAGACTTCCATC-CAGTT -3′ and 5′ -AAGTAGGGAAGGCCGTGGTT -3′; Il-10, 5′ -GCTCTTACTGACTGGCATGAG -3′ and 5′ -CGCAGCTCTAGGAGCATGTG -3′; Bdnf, 5′ -CAGGTTCGAGAGGTCTGACG -3′ and 5′ -AAGTGTACAAGTCCGCGTCC -3′; Trem2, 5′ -GGAACCGTCACCATCACTCT -3′ and 5′ -ATGCT-GGCTGCAAGAAACTT -3′; and Cd68, 5′ -ACTGGTGTAGCCTAGCTGGT -3′ and 5′ -CCTTGGGC-TATAAGCGGTCC -3′.
Statistics. Statistical analysis was performed using GraphPad Prism 7 software, and the analysis results are shown in the figure legends. Data from 3 or more categorical, independent groups were compared using 1-way or 2-way ANOVA, followed by a post hoc test (Sidac's multiple comparison test, Dunnett's multiple comparison test, and Tukey's multiple comparison test. Comparisons between the 2 groups were made using unpaired 2-tailed t tests. A P value of less than 0.05 was considered significant in all statistical tests. Data are shown as the mean ± SEM.
Study approval. All procedures were approved by the Guidelines for the Care and Use of Laboratory Animals of Osaka University Graduate School of Medicine.
